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Magnetic ionic plastic crystal: choline[FeCl4]†
I. de Pedro,*a A. Garcı́a-Saiz,a J. González,b I. Ruiz de Larramendi,c T. Rojo,c
Carlos A. M. Afonso,d Svilen P. Simeonov,d J. C. Waerenborgh,e Jesús A. Blanco,f
B. Ramajog and J. Rodrı́guez Fernándeza
A novel organic ionic plastic crystal (OIPC) based on a quaternary ammonium cation and a tetrachloro-
ferrate anion has been synthesized with the intention of combining the properties of the ionic plastic
crystal and the magnetism originating from the iron incorporated in the anion. The thermal analysis of
the obtained OIPC showed a solid–solid phase transition below room temperature and a high melting
point above 220 1C, indicating their plastic crystalline behaviour over a wide temperature range, as well
as thermal stability up to approximately 200 1C. The magnetization measurements show the presence of
three-dimensional antiferromagnetic ordering below 4 K. The results from electrochemical characterization
display a solid-state ionic conduction sufficiently high and stable (between 102.7 and 103.6 S cm1
from 20 to 180 1C) for electrochemical applications.
I. Introduction
Organic ionic plastic crystals (OIPC) are crystalline compounds
that show various forms of disorder and therefore exhibit plastic
mechanical properties.1–6 This behaviour, with a negligible
vapour pressure and high ionic conductivity at room tempera-
ture, makes them of interest as solid state ionic conductors.7,8
So, these materials are clearly desirable for electrochemical
applications in electroactive devices such as proton exchange
membrane fuel cells (PEMFC), batteries and solar cells.9–12
Furthermore, and particularly important from a technological
point of view, the addition of Li+2 ions increases the ionic
conductivity up to two orders of magnitude,13,14 forming a new
type of material denominated as ‘‘fast ion conductors’’8 for
rechargeable lithium batteries.15–17
Plastic crystal substances were described in the 1960s
by Timmermans18 on molecular based compounds. These
materials18–20 present an intermediate phase between the solid
and the liquid ones called the plastic phase with a low entropy
of melting, DSf o 20 J K1 mol1. The plastic phase is typically
reached by one or more solid–solid phase transitions on
warming the fully ordered crystalline phase from low tempera-
tures. This state has long-range order but short-range disorder,
which typically originates from rotational motions of the mole-
cules. This behaviour introduces some of the liquid-like
motional degrees of freedom into the solid state and brings
the thermodynamic state closer to the liquid phase.6,21
Metal–organic frameworks for which chemical or physical
properties can be tuned by applying an external stimulus are
attracting significant interest in view of their potential applications
as chemical switches or molecular sensors.22 The transition metal-
containing plastic phase could be part of these auspicious new
materials where the introduction of structural functionalities
into the anionic part makes it possible to design new plastic
crystal phases with targeted properties. It will favourably
combine the properties of the ionic plastic crystal with the
magnetism, originating from the metal incorporated in the
anion. Recently, much attention has been paid to designing
new metal–organic frameworks, consisting of organic electron
donors and tetrahalogenoferrate(III) anions exhibiting interest-
ing electric and magnetic properties.23–25 For example, the
magnetic molecular conductors (TMTSF)FeCl4, (TMTTF)FeCl4,
26
(C1TET-TTF)FeX4 (X = Cl, Br),
27 denominated as electron-mediated
superexchange interaction systems,23 present different dimen-
sionality and magnetic features such as antiferromagnetism,
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2686-953 Sacavém, Portugal
f Departamento de Fı́sica, Universidad de Oviedo, 33007 Oviedo, Spain
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ferromagnetism or weak ferromagnetism. These systems have
also provided model compounds for studying physicochemical
properties of iron–sulphur proteins.28–30 Additionally, new Fe-based
framework derived compounds are potential materials which can
replace the expensive Pt-based catalysts in PEMFCs since they are a
lower-cost alternative.31
A relatively recent development in the field of solid state
electrolyte materials is that of organic ionic plastic crystals
based on choline cations.32–35 What should be mentioned is
that the choline[DHP] system displays significantly high ionic
conductivity in the solid state.34 It can improve its proton
mobility three orders of magnitude at room temperature with
the small addition of strong acid [trifluoromethane sulfonic
acid (TfOH)] at levels of up to 8 mol% acid. The doped material
exhibits the properties of a fast ion conductor, where the target
ion (H+ in this case) diffuses faster than other species present in
the material. The doping provokes subtle changes in their
porous structure, affecting their physical properties but retaining
their crystalline structure in the matrix.35 Similar behaviour has
also been observed in pyridinium tetrachlorocuprate ionic
liquid, (H2pyimH)[CuCl4],
36 displaying drastic modifications of
their magnetic properties with the chemisorption of HCl.
Since studies on transition metal-containing plastic phases
are scarce, we have performed a thorough study aiming to
investigate how the structural and ionic conductivity of an
organic plastic crystal can be affected by the introduction of a
metal complex in the anionic part. We report the preparation
and characterization of N,N,N-trimethylethanolammonium tetra-
chloroferrate(III), choline[FeCl4], a novel tetrahalogenoferrate(III)
plastic crystal. Phase transition and thermal stability of this
compound have been assessed using DSC, TG, X-ray and neutron
crystallographic analysis and Raman spectroscopy. The multi-
functional behaviour of this material is related to the electronic
structure of the 3d5 configuration of the Fe(III) ions together
with the ability of the amine counter-ions to transit from the
disordered to the ordered state as a function of temperature.
We also display the electrochemical performance, as well as the




Microanalytical data (C, H and N) were obtained using an
Elemental model Vario 51 MACRO elemental analyser. The
iron and chlorine contents were determined using a Spectra
Spectrometer DCP-AEC after dissolving a weighed amount of
sample in water (aq.). A Mettler-Toledo TGA/SDTA851e was used
for the thermal analyses in an oxygen dynamic atmosphere
(50 mL min1) at a heating rate of 10 1C min1. In all cases,
ca. 10 mg of the powder sample was thermally treated, and
blank runs were performed.
Raman spectroscopy
The Raman spectra were taken at room temperature under
atmospheric pressure in backscattering geometry with a Horiba
T64000 triple spectrometer using the 514.5 nm line of a
Coherent Innova Spectrum 70C Ar+–Kr+ laser and a nitrogen-
cooled CCD (Jobin-Yvon Symphony) with a confocal microscope
and a 100 objective for detection. The integration time was 40 s
and the power was kept below 40 mW to avoid laser-heating
effects on the tested material and the concomitant softening of
the observed Raman peaks. For the high temperature measure-
ments we used a Linkam thermal stage TS1000 model equipped
with a temperature controller and for the Raman detection we
used a 20 objective in the confocal microscope.
Powder diffraction
X-ray powder diffraction data were collected on a Bruker D8
automatic diffractometer in Bragg-Brentano geometry. The
Cu-Ka radiation (l = 1.5418 Å) was employed with steps of
0.021 in 2y and fixed time counting of 16 s in the 101 r 2y r
901 range. Time-resolved X-ray thermodiffractometries were
carried out in air using the Bruker D8 Advance diffractometer
equipped with a variable-temperature stage (Anton Paar TTK-450
temperature chamber) and a conventional sample holder. The
powder patterns were recorded in 2y steps of 0.021 in the range
21 r 2y r 701, counting 16 s per step and increasing and
decreasing the temperature in steps of 25 K, from 225 K up
to 400 K. Neutron powder diffraction measurements were per-
formed on the D2B instruments at the Institute Laue-Langevin
(ILL) of Grenoble, using a wavelength of 1.595 Å. About 4 g of
polycrystalline choline[FeCl4], packed in a cylindrical vanadium
container and held in a liquid helium cryostat, were employed in
the experiments. The high resolution of the D2B instrument was
used to obtain structural data at room temperature and 10 K over
a large angular range, 10 o 2y o 1501. All the data, from X-ray
as well as from neutron diffraction, were analysed using the
FULLPROF programme suite.
Electrochemical impedance spectroscopy
For the electrical property measurements a pellet of the
choline[FeCl4] was prepared. In order to remove the possible
residual water and to ensure the mechanical stability of the
pellet during the measurement, a pre-treatment at 373 K was
carried out. Electrochemical measurements were recorded
using a Solartron 1260 Impedance Analyzer with a frequency
range from 102 to 106 Hz with sinusoidal AC amplitude of 10 mV.
Electrochemical Impedance Spectroscopy (EIS) measurements
were conducted using a two-electrode configuration onto two
parallel stainless-steel electrodes. The effect of temperature on
the ac characteristics was studied at equilibrium from room
temperature to 450 K, under air over a cycle of heating and
cooling. Impedance diagrams were analyzed and fitted by the
equivalent circuit method using the Zview software.
Magnetic measurements
Variable-temperature magnetic susceptibility measurements
were performed using a standard QD PPMS magnetometer
whilst heating from 2 to 300 K in different applied magnetic
fields from 1 to 85 kOe after cooling in either the presence
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applied field. Magnetization as a function of field (H) was
measured using a QD PPMS magnetometer in the 85 r H/
kOe r 85 range at 2 and 300 K after cooling the sample in zero
field. AC magnetic susceptibility measurements were carried
out using the same magnetometer with an alternate excitation
field (hac) of 3 Oe and frequencies ranging from 50 to 10 000 Hz.
Mössbauer spectra were collected in transmission mode using
a conventional constant-acceleration spectrometer and a 25 mCi
57Co source in a Rh matrix. The velocity scale was calibrated
using a-Fe foil. Low-temperature spectra were collected using a
bath cryostat with the sample immersed in liquid He for
measurements between 4.1 and 1.4 K, or by using flowing He
gas to cool the sample above 4.1 K (temperature stability of
0.2 K). The spectra were fitted to Lorentzian lines using a non-
linear least-squares method.37 Distributions of magnetic splittings
were fitted according to the histogram method.38
Materials. All commercially available starting materials were
purchased from Sigma-Aldrich (>99%) and were used without
further purification or drying, including ionic liquid precursors
[choline][Cl] (choline = N,N,N-trimethylethanolammonium).
Synthesis. To a solution of [choline][Cl] (5.0 g, 35 mmol)
in dichloromethane (to ensure efficient mixing) FeCl36H2O
(11.6 g, 43.1 mmol, 1.2 equiv.) was added. The solution was
stirred at room temperature for 24 h. After that, two layers were
formed and the aqueous phase was then decanted. The organic
phase was evaporated, and the residue was purified by passing it
through a column containing silica and activated carbon, using
dichloromethane as an eluent. The solvent was removed under
vacuum, and the IL was stirred under vacuum (o1 mmHg) at 60 1C
overnight. N,N,N-trimethylethanolammonium tetrachloroferrate(III)
was obtained in the form of a dark brown solid (8.7 g, 80.7%). Part
of the obtained product was recrystallized using acetone–diethyl
ether as solvent, providing yellow crystals.
Choline[FeCl4] elemental analysis for C5NH14OCl4Fe. Calcd:
C, 19.90; N, 4.64; H, 4.63; Cl, 46.98; Fe, 18.50%; found: C, 20.35;
N, 4.44; H, 4.27; Cl, 50.2; Fe, 17.2%.
Raman spectra at room temperature (nmax cm
1): 3073,
3030, 2974, 2962, 2926, 2818, 1682, 1468, 1441, 1056, 993,
948, 868, 762, 709, 445, 394, 374, 330, 132, 107.
III. Results and discussions
Thermal analysis: phase behaviour and thermal stability
The thermal properties of choline[FeCl4] were examined using
differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA), differential thermal analysis (DTG) and time-resolved X-ray
thermodiffractometries. Table 1 gives the respective transition
temperatures, enthalpies, and entropies. It should be mentioned
that all further heating and cooling cycles of DSC are reproducible
and are similar to the first cooling and second heating. While
other plastic crystals based on the quaternary ammonium ions,
like choline39 or tetramethylammonium,40 present several solid–
solid transitions detected using DSC analysis,4 choline[FeCl4]
shows only one solid–solid (s–s) phase transition at around
260 K upon cooling from the room temperature [Fig. 1(a)]. In
the second heating cycle, two thermal effects can be detected,
taking place at 282 and 490 K and attributable to a solid–solid
(s–s) transition and melting point, respectively. It is worth
mentioning that the entropy of melting (DSf) is difficult to
estimate from the second heating scan, because it is too close
to the beginning of the first decomposition process [see the
inset of Fig. 1(a)]. The highest temperature solid phase is
labelled phase I and the next one phase II. It can be seen that
the phase II - I transition is much larger than the melt
transition, and the analysis (Table 1) shows that the entropy
change, DS, is 41.5 J K1 mol1 while the melt transition, DSf, is
approximately 1.4 J K1 mol1. This result indicates that
choline[FeCl4] is a ‘‘classic’’ ionic plastic crystal according to
Timmermans’ definition (DSf o 20 J K1 mol1)18 and most of
the motional degrees of freedom are achieved already in phase I.
So, the combination of choline cations and tetrachloroferrate
anions exhibits plastic crystalline behaviour over a wide
temperature range, near 200 1C. This result shows that
choline[FeCl4] possesses good thermal stability for electro-
chemical applications, thus improving on the recent studies
carried out on OIPC based on choline cations.32–36
The thermogravimetric analysis (TGA) and differential ther-
mal analysis (DTG) of choline[FeCl4] were performed up to
1200 K under air flow [Fig. 1(b)]. The decomposition curves
reveal weight losses in four steps. The first loss process starts at
520 K and is immediately followed by the second one showing
Table 1 Transition temperatures and enthalpies for choline[FeCl4]
First cooling Second heating
T (K) DH (KJ mol1) DS (J mol1 K1) T (K) DH (KJ mol1) DS (J mol1 K1) DSf (J mol
1 K1)
Phase I–II 260 9.60 36.92 282 11.71 41.52
mp Phase II 490 1.4
Fig. 1 (a) DSC-thermogram of choline[FeCl4]. Blue dots: 1st cooling cycle; black
dots: 2nd heating cycle; heating rate 10 K min1. The inset shows an enlarge-
ment of high temperature region of 2nd heating cycle. (b) TG, DTG curves
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exothermic effects with marked peaks at 615 and 695 K,
respectively. The total weight loss measured during these two
steps corresponds to a value of approximately 50%. The next
steps appear between 920 and 1120 K, the third step being
immediately continued by the fourth one. The weight losses
observed in these steps (E20%) are also accompanied by
exothermic effects, smaller than the previous, with marked
peaks at 970 and 1070 K on the DTG curve. In order to identify
the detected phenomenon in the thermogravimetric analysis, a
characterization of choline[FeCl4] heated for 24 h at 850 and
1200 K was performed using X-ray diffraction (not shown). At
850 K the powder patterns show the presence of FeCl2 as the
major phase with the presence of other diffraction peaks that
cannot be identified with phases given in the power diffraction
file (PDF) base data. At 1200 K, a small quantity of FeCl2 is also
observed with the presence of a new phase Fe3C. So, the weight
loss above 700 K of choline[FeCl4] could be attributed to the
partial decomposition of the cation and anion (Me3MeOH)
+
[FeCl4]
, with possible removal of OH, CH3N, Cl2 or CH3Cl
groups and the reduction of Fe(III) to Fe(II) forming FeCl2 as
the major phase. Above 1100 K some part of FeCl2 will be
transformed into Fe3C showing the incomplete decomposition
of the FeCl2 phase.
41 These results are in good agreement with
the thermogravimetric analysis from other tetrachloroferrate
compounds in air, (Et4N)2[FeCl4],
42 N(C2H5)4FeCl4 (ref. 43)
followed by TG-FTIR analysis, Mössbauer spectroscopy and
X-ray powder diffractometry.
Structural characterization: Raman spectroscopy, time-resolved
X-ray thermodiffractometry and high-resolution neutron
diffraction experiments
Raman spectroscopy gives good correlations between the essential
features and the structural data and it is a useful technique for the
identification of different types of ammonium tetrachloroferrate
salts. Fig. S1 (ESI†) shows the Raman spectra of choline[FeCl4]
in the region 90–3500 cm1 at room temperature. The main
observed frequencies and their assignments44 are summarized
in Table 2. The [FeCl4]
 ion of choline[FeCl4] belongs to the
symmetry point group Td and has four Raman-active vibration
modes. Two of them are due to the bending mode [ns = 107 and
nas = 132 cm
1], while the others are related to the stretching
mode [ns = 330 and nas = 374 cm
1] of Fe–Cl. These bands
correspond very well with literature values of other tetrachloro-
ferrate salts and paramagnetic ionic liquid based on iron cations,45
indicating that FeCl4
 is the predominant iron-containing species.
In addition, we can rule out the presence of [Fe2Cl7] dimers as
no signal is found at around 420 cm1, where the vibrational
frequency of the dimer typically appears.45 The assignments for
choline can be derived from the free N(CH3)3CH2–CH2OH
cation showing fourteen Raman-active vibration modes in this
ionic plastic crystal (see Table 2). Eleven of them are due to the
N–C bond, while the others are related to the C–O and C–C
groups. The bands observed in the 390–1500 cm1 region are
mainly attributed to the bending vibration modes of the N–CH2
and N–CH3 groups with the exception of the bands at 868 and
1469 cm1, which are assigned to CH2–OH and CH2–CH2
symmetric modes, respectively. The stretching modes are located
at frequencies higher than 2800 cm1. At 2818 and 2926 cm1,
CH2–CH2 and CH2–OH bonds correspond to the ethanol group,
while the modes of the methyl group appear at frequencies between
2960 and 3075 cm1 (see Table 2), showing good correlation with
other choline based compounds.46
Raman spectroscopy has been used to investigate interactions
and vibrational features of choline+ and [FeCl4]
 as a function of
temperature. Fig. 2 displays the thermal evolution of the vibra-
tional band of bending mode [ns = 107, 709 cm
1] and stretching
mode [ns = 330, 2974 cm
1] of (a) Fe–Cl and (b) N–CH3 bonds,
respectively. Basically, all vibrational bands presented show a
jump at around 300 K upon heating from room temperature.
This behaviour is attributed to the phase transition from the
crystalline to the plastic crystal state induced by temperature,
in good agreement with the temperatures observed in the DSC
analysis and X-ray powder thermodiffractograms. After this
phase transition, the bands of Fe–Cl and N–CH3 bonds shift
Table 2 Vibrational assignment (cm1) of choline[FeCl4] in the crystalline (293 K)
and ionic plastic crystal states (303 K)
Assignment 293 K frequency (cm1) 303 K frequency (cm1)
Fe–Cl sym-bend 107 110
Fe–Cl asym-bend 132 135
Fe–Cl sym-stretch 330 333
Fe–Cl asym-stretch 374 337
N–CH2 sym-bend 394 397
N–CH2 sym-bend 445 447
N–CH3 sym-bend 709 713
N–CH3 sym-bend 762 758
CH2–OH sym-bend 868 863
N–CH2 asym-bend 948 952
N–CH2 asym-bend 993 998
Spikea 1118 1121
N–CH3 asym-bend 1441 1443
CH2–CH2 sym-bend 1469 1467
Spikea 2099 2099
Spikea 2202 2202
CH2–CH2 stretch 2818 2822
CH2–OH stretch 2926 2929
N–CH3 sym-stretch 2963 2965
N–CH3 sym-stretch 2974 2977
N–CH3 asym-stretch 3030 3032
N–CH3 asym-stretch 3073 3075
a These vibrations are due to the presence of air between the laser and
compound.
Fig. 2 Temperature dependence of vibrational band of bending mode and
stretching mode of (a) Fe–Cl and (b) N–CH3. The thin rectangle marks a boundary
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progressively toward low frequencies, as the temperature
increases from 300 to 450 K. This behaviour confirms that
the Fe–Cl and N–CH3 bonds become weaker as the temperature
rises. Raman studies through linewidth Raman changes have
also proved to be a reliable parameter for characterizing
transitions in liquid crystalline and plastic crystal materials.47
In order to examine this phenomenon in choline[FeCl4], we
have determined the linewidth Raman changes of stretching
mode of (a) Fe–Cl and (b) N–CH3 (Fig. 3). As can be seen, two
aspects should be considered: (i) the jump in the curve above
300 K and (ii) an increase in the linewidth Raman as the
temperature increases above room temperature. Both aspects
indicate the existence of a phase transition and a higher
disordered system, respectively. In addition, above the transi-
tion temperature, in the ionic plastic crystal state, the linewidth
Raman presents a linear increase as the temperature rises. This
behaviour could be explained by employing the concept of
anharmonic interactions.48 Near room temperature choline+
and FeCl4
molecules are more fixed, because the Van der Waals
interactions are stronger. When the temperature increases the
rotational motion of molecules grows, as expected for a higher
disordered system. This feature could be connected with the
conductivity as will be discussed in the next section.
In order to understand the molecular arrangement in the
plastic crystal and the crystalline phase of the choline[FeCl4],
compound time-resolved X-ray thermodiffractometries between
225 and 400 K have been performed. During the thermal
treatment, no colour variation of the compound was observed
indicating the non-existence of any oxidation process. A
selected 2y region of typical XRD diagrams obtained at different
temperatures is represented in Fig. 4.
The powder patterns of choline[FeCl4] exhibit a thermo-
structural change at similar temperatures to those obtained from
other thermal analyses. The crystalline phase of choline[FeCl4] is
maintained up to 275 K after heating [see Fig. 4(a)]. At 225 K it
shows a set of peaks that could suggest a lamellar structure, with a
sharp reflection at 2y = 17.651 (d = 5.02 Å) followed by weak peaks
at higher angles, as observed in other ionic liquids based on
choline cations.49 However, it has not been possible to determine
the crystal structure due to the shortage of peaks obtained.
Additionally, below 275 K a small amorphous background signal
can be noticed between 12 and 151 (2y), which continues to
indicate the presence of some quantity of disordered phase
[Fig. 4(a)]. Upon increasing the temperature to 300 K, the plastic
crystal phase of choline[FeCl4] appears in a reversible process [see
Fig. 4(a)]. On one hand, the small peaks observed in the crystalline
phase are absent at this temperature, indicating a decrease in the
positional ordering.49 On the other hand, the sharp reflection at
17.651 is maintained with the appearance of a new peak at lower
angle regions at 11.921 (d = 7.42 Å). This structural change is
related to a change in the molecular conformations, from a
crystalline to a plastic crystal phase, in good agreement with
Raman spectroscopy data.
Above 300 K and up to 450 K, the thermodiffractogram
shows a small shift of the peaks with increasing temperature
but phase transitions are not detected [Fig. 4(b)]. It indicates
that the plastic crystal phase is maintained in this range of
temperature. It is to be noted that the intensity of the two
structural peaks shows different thermal behaviour. The inten-
sity of the sharp reflection at 17.651 rises up to 350 K whereas
the new peak at 11.921 increases up to 325 K. This shift and
variation of intensity is accompanied by an increase of the
width in the peaks and decrease of d spacing. This behaviour is
associated with a greater ionic mobility of the ions,50 as will be
discussed in the conductivity section.
The crystalline and plastic crystal states of choline[FeCl4]
were also studied from high resolution neutron powder diffrac-
tion patterns (D2B) with l = 1.5938 Å. At 300 K, the diffraction
pattern exhibits two peaks at 2y = 12.40, 18.401, which correspond
Fig. 3 Temperature dependence of linewidth Raman changes of stretching
mode of (a) Fe–Cl and (b) N–CH3. The thin rectangle marks a boundary where
different phases could not be resolved in the Raman spectra.
Fig. 4 Thermodiffractograms of choline[FeCl4] in air atmosphere range from (a) 225 to 300 K and (b) 300 to 400 K. In (a) plastic crystal and crystalline peaks are
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to linear spacings of 7.38, 4.99 Å, in good agreement with what
is observed in X-ray data (Fig. S2, ESI†). As was discussed above,
the formation of the crystalline structure of choline[FeCl4] is a
reversible process related to the temperature. When the tem-
perature is low enough, it presents well defined peaks to resolve
the crystalline structure. In this way, neutron powder patterns
decreasing the temperature to 10 K were obtained. The angular
positions of the first 30 peaks obtained from high resolution
neutron diffraction patterns were collected using the WINPLOTR
programme.51 After that, the indexing was carried out using the
TREOR programme52 and a satisfactory monoclinic solution [M20 =
17.4; F20 = 14.1] with unit cell parameters of a = 15.376(1) Å, b =
15.234(1) Å, c = 8.742(1) Å, b = 99.20(1) and V = 2021.52 (1) Å3
was found. The pattern matching analysis was performed by the
FULLPROF programme,53 using the unit cell parameters obtained
in the indexing and a pseudo Voigt function to model the peak
shape. The experimental, calculated and difference diffraction
profiles are given in Fig. 5. Taking into account the reflections
indexed for different monoclinic space groups, the analysis was
consistent with the P21/m space group. The integrated intensities
were extracted with the FULLPROF programme and the resolution
of the crystal structure is now in process.
Electrochemical impedance spectroscopy
Electrochemical impedance spectra (Nyquist plots) at 310 and
450 K in the 102–106 Hz frequency range are obtained and
reported in Fig. 6. The difference between the low and high
frequency intercept is the resistance of the sample. As can be
seen, the conductivity of the sample strongly decreases as
temperature decreases, in direct relation to the enhanced
mobility of ions. This indicates that the significant change
observed in conductivity could be associated with the progres-
sive formation of the crystalline phase from the ionic crystal
state. The peaks of the relaxation dispersion of Z00 move toward
higher frequencies with increasing temperature. Also, at low
frequencies, another dispersion process is observed and
identified as a Warburg impedance. These two dispersions
suggest that two different conduction mechanisms evolve with
increasing temperature. The first one is probably related to the
mobility and the conduction of the choline+ cation and the
[FeCl4]
 ion and the latter, corresponding to the diffusion
process (the Warburg effect).
The EIS diagrams were modelled using electric equivalent
circuits according to the physicochemical phenomena that
occur. For this purpose, a parallel connection of a resistor with
a Q-element (RQ-element) has been used in order to simulate
the electrochemical processes that occur in this sample (see
inset in Fig. 6). The Constant Phase Element (CPE), also known
as a Q-element, has been proposed in order to describe
the distribution of relaxation times. At low frequencies, the
diffusion across the electrode is observed, and simulated with a
Warburg element. The brick layer model, proposed by Van Dijk
and Burggraaf,54 was used to analyze the measurements. From
the values of R2 (bulk resistance of the choline[FeCl4] sample)
obtained by fitting the experimental data, ionic conductivities




where t is the thickness of the measured pellet (cm), A is the
area of the pellet (cm2) and R is the resistance obtained from
the fitting process. The evolution of the conductivity measured
is unexpectedly complex (see Fig. 7). Two different behaviours
can be distinguished from the dependence of ionic conductivity
(s) on temperature. The first one covers the range from room
temperature to 325 K. The value of the ionic conductivity
rapidly increases from 103.7 to 103.2 S cm1, displaying a
change in the slope. At this temperature a shift and variation of
intensity of the peaks is observed in the structural characteriza-
tion, which could be linked to a change in the conduction
mechanism, giving rise to a different slope in the conduction
tendency. Taking into account the main factors that influence
the conductivity (the concentration of charge carriers, tempera-
ture of the crystal, the availability of vacant–accessible sites and
the ease with which an ion can jump to another site55), this
nonlinear increase of the conductivity could be related to the
motion of mobile ions suddenly changed as described by
Horike et al. for coordination-network-based ionic plastic
Fig. 5 Neutron diffraction profiles of choline[FeCl4] at 10 obtained in D2B.
Fig. 6 Nyquist plots of impedance spectra measured in air at 310 and 450 K
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crystals.56 This behaviour has also been observed in lithium-
doped plastic crystals.8 The activation energy for this slope is
19.3 kJ mol1 and this value is characteristic of an ionic liquid,
as suggested by Jin et al. for organic ionic plastic crystals.12
When the temperature is increased the activation energy
decreases to 8.1 kJ mol1 as expected for a higher disordered
system. Compared with other reported values of ionic conduc-
tivity for plastic crystals, the choline[FeCl4] material exhibits
similar or even higher solid-state-conduction.39,57 From room
temperature to 200 1C the ionic conductivity is ca. 103 S cm1,
allowing conductivities sufficiently high and stable for electro-
chemical applications.
Magnetic properties
Magnetic properties of the choline[FeCl4] compound were
determined over the temperature range 2–300 K. The plots for
the magnetic susceptibility (wm), inverse of the magnetic
susceptibility (1/wm) and the wmT versus T at 1 kOe are
shown in Fig. 8.
The magnetic susceptibility of choline[FeCl4] displays
perfect paramagnetic behaviour above 10 K with a wmT value
of 4.48 emu K mol1 Oe1 at room temperature, which agrees
well with the expected value 4.38 emu K mol1 Oe1 for Fe3+
ions with a magnetic spin S = 5/2. Upon heating, the wmT value
shows a small jump of 0.05 emu K mol1 at 265 K (see upper
inset of Fig. 8), which is close to the solid transition point of
260 K, determined by thermal analysis, indicating the formation
of a crystalline state.58 Below 250 K the wmT value remains
almost constant down to 35 K, where it begins to fall owing to
the antiferromagnetic interactions between iron(III) ions.
The magnetic susceptibility data can be fitted to a Curie–
Weiss law (Fig. 8) with paramagnetic Curie temperatures, yp,
close to 4.3 K and an effective paramagnetic moment meff =
6.03 mB per Fe ion; which is slightly higher than the value
expected for high spin d5 Fe(III) ions (meff = 5.92 mB per Fe ion)
but is in a good agreement with those found in other para-
magnetic compounds based on FeCl4
 ions.59 The negative yp
value together with the reduction of the effective magnetic
moment (wmT) observed when temperature decreases (see
upper inset Fig. 8) clearly suggests antiferromagnetic behaviour
when the choline[FeCl4] is frozen.
Below 15 K the ZFC molar susceptibility (wm) measured
under 1 kOe increases and reaches a narrow maximum at
B3.6 K (see the lower inset of Fig. 8) suggesting the existence
of long-range magnetic order, with a gradual decrease in the
susceptibility of ca. 10%, which is usual for non-oriented
antiferromagnets. Taking into account these results and in
order to determine the effects of the magnetic field on this
magnetic ordering, another set of ZFC magnetic measurements
was performed between 2 and 15 K under different applied
magnetic fields (see Fig. S3, ESI†). It was found that the
maximum peak of wm detected at around 3.6 K under 1 kOe
field shifts to lower temperatures when the magnetic field rises,
being located at 3.5, 3.2, 3.0 and 2.6 K for an applied field of 10,
20, 30 and 40 kOe, and disappearing for larger magnetic fields
(50 kOe), as expected for an antiferromagnetic material. With
these data, it is possible to plot the field dependence of the
Neel temperature, which has linear behaviour (see the inset of
Fig. S3, ESI†).
The field dependence of magnetization at 300 and 2 K is
shown in Fig. 9. At 300 K the magnetization shows an expected
linear dependence on the field characteristic of paramagnetic
behaviour. On the other hand, at 2 K the magnetization
changes in curvature at 10 kOe (see the inset of Fig. 9), probably
due to the existence of a weak metamagnetic component. The
value of magnetization at 85 kOe is E4.9 mB/Fe ion (Fig. 9),
which is close to the expected fully-saturated value of 5 mB/Fe
for a Fe3+ ion, indicating the existence of a weak magneto-
crystalline anisotropy.
AC magnetic susceptibility measurements were performed
with an alternate excitation field (Hac) of amplitude 3 Oe and
frequencies from 50 to 1000 Hz (Fig. S4, ESI†). The curves show
a broad peak in the real component of the real susceptibility,
w0, near 3.6 K, indicating the existence of long range order
interactions. The weak absorption in the imaginary component,
Fig. 7 Variation of ionic conductivity with temperature for choline[FeCl4].
Fig. 8 Temperature dependence of wm and 1/wm for choline[FeCl4] measured
under 1 kOe. The upper insets show the temperature dependence of wmT and the
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w00, in this temperature range confirms the presence of an
antiferromagnetic order,60 in good agreement with the results
obtained above from the molar magnetic susceptibility data.
Furthermore, this peak is not frequency dependent over
three decades, excluding the existence of a possible dynamical
magnetic process at low temperatures.60
Mössbauer spectra of choline[FeCl4] were performed and
shown in Fig. 10. A single absorption peak can be observed at
4.1 K and higher temperatures. This peak is not adequately
fitted by a single Lorentzian line. The analysis reveals that it
consists of a quadrupole doublet with quadrupole splitting QS
smaller than the line widths (Table 3). The isomer shift relative
to metallic Fe at 295 K, estimated at 4.1 K, is similar to that of
high-spin Fe3+ (spin state S = 5/2) in FeCl3 (ref. 38) or in
compounds where Fe3+ is tetrahedrally coordinated by
four Cl anions.61 At 1.7 and 1.4 K the spectra consist of six
broad peaks which may be fitted by a distribution of
magnetic hyperfine fields, Bhf. The fact that the spectra at these
temperatures show magnetic sextets, which are not observed at
4.1 K and above, reveals that the relaxation frequency, oR, of
the direction of the Fe3+ magnetic moments decreases signifi-
cantly when the temperature drops from 4.1 K to 1.7 K, in
agreement with the antiferromagnetic transition detected
at 3.5 K from the magnetization data. The different Fe3+
environments leading to different temperature dependencies
of Bhf may explain why a distribution of Bhf values is observed
instead of a single Bhf value. Since in choline[FeCl4] all
Fe cations are tetrahedrally surrounded by four Cl anions,
the different Fe environments most probably arise from
distinct next-near-neighbour. The formation of chlorine
bridges would allow, in principle, the antiferromagnetic
coupling of two Fe3+ ions. The structural data for choline-
[FeCl4] reported by Raman spectroscopy show isolated, discrete
tetrahedral anions and no metal-bridging halides. So, the
Fe–Cl  Cl–Fe magnetic interaction, including two diamagnetic
intermediaries, is the most probable of the superexchange-
pathways in choline[FeCl4].
IV. Conclusions
A novel ionic plastic crystal containing transition metal has
been synthesized and characterized. This material combines
the properties of the ionic plastic crystal with the magnetism,
originating from the iron incorporated in the anion. Choline[FeCl4]
exhibits a long-range antiferromagnetic ordering below 5 K.
The electrochemical characterization displays a solid-state
ionic conduction moderately high and stable (between 102.7
and 103.6 S cm1 from 20 to 180 1C) for electrochemical
applications, which promises to be a good candidate for use
as an ionic conductor electrolyte. Further studies in this class of
Fig. 9 Magnetization vs. applied magnetic field at 2 and 300 K for
choline[FeCl4]. The inset shows an enlargement of the low field region. The red
dotted line is a guideline to appreciate the metamagnetic transition.
Fig. 10 Mossbauer spectra of choline[FeCl4] taken at different temperatures
between 160 and 1.4 K.
Table 3 Estimated parameters from the Mössbauer spectra of choline[FeCl4]
taken at different temperatures
T (K) IS (mm s1) QS (mm s1) e (mm s1) Bhf (T)
160 0.27 0.19 — —
4.1 0.32 0.23 — —
1.7 0.32 — 0.07 21.9a
1.4 0.33 — 0.09 27.2a
a IS, isomer shift relative to metallic Fe at 295 K. QS, quadrupole
splitting of doublets; e average quadrupole shift and Bhf average
magnetic hyperfine field of a distribution of magnetic sextets. Esti-
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materials will surely lead to the development of a new genera-
tion of plastic crystals, with the addition of dopant ions such
as Li+ or with the doping or physisorption with a strong
acid, which could increase their conductivity or change their
magnetic properties while retaining their crystalline structure
in the matrix.
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